Feasibility of Small-size Biomass-fueled Hirn-cycle Cogeneration Plants  by Chesi, Andrea et al.
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of ATI 2014
doi: 10.1016/j.egypro.2015.12.070 
 Energy Procedia  81 ( 2015 )  155 – 164 
ScienceDirect
WK&RQIHUHQFHRIWKH,WDOLDQ7KHUPDO0DFKLQHV(QJLQHHULQJ$VVRFLDWLRQ$7,
)HDVLELOLW\RIVPDOOVL]HELRPDVVIXHOHG+LUQF\FOHFRJHQHUDWLRQ
SODQWV
$QGUHD&KHVLD/RUHQ]R)HUUDULE*LRYDQQL)HUUDUDD(QQLR$&DUQHYDOHD
a) Dipartimento di Ingegneria Industriale, Università degli Studi di Firenze, Via di Santa Marta 3, 50139 Firenze 
b) ICCOM-CNR, Consiglio Nazionale delle Ricerche, Via Madonna del Piano 10, 50019 Sesto Fiorentino  
$EVWUDFW
%LRPDVVXWLOL]DWLRQVHHPVWREH WKHHDVLHVWZD\ WR LQFUHDVH WKHH[SORLWDWLRQRIUHQHZDEOHHQHUJ\VRXUFHVIRU
VPDOODQGPHGLXPVFDOHHQHUJ\SURGXFWLRQ,QSDUWLFXODUOLJQHRXVELRPDVVWKDQNVWRLWVDYDLODELOLW\DSSHDUVWREH
WKHPRVWVXLWDEOHIRUFRJHQHUDWLRQDSSOLFDWLRQV$PRQJWKHVHYHUDOWHFKQRORJLHVDYDLODEOHIRUHQHUJ\FRQYHUVLRQWKH
PRVWIUHTXHQWO\XWLOL]HGV\VWHPWRJHQHUDWHHOHFWULFSRZHULVVWLOODSURFHVVEDVHGRQD5DQNLQHRU+LUQF\FOHZLWK
ZDWHUDVDZRUNLQJIOXLG7KLVVROXWLRQVHHPVTXLWHLQWHUHVWLQJSDUWLFXODUO\IRUVPDOOVL]HFRJHQHUDWLRQSODQWVEHFDXVH
RILWVDYDLODELOLW\RQWKHPDUNHWDQGWKHDQDORJ\ZLWKW\SLFDODSSOLFDWLRQVLQYROYLQJIRVVLOIXHOV0DQ\LQYHVWRUVHJ
(QHUJ\6HUYLFH&RPSDQLHV(6&2VPLJKWEHLQWHUHVWHGLQWKHLQVWDOODWLRQRIWKLVW\SHRIFRJHQHUDWLRQSODQWVLQRUGHU
WRUHGXFHWKHHQYLURQPHQWDOLPSDFWRIWKHV\VWHPDQGWKHUHIRUHWREHQHILWIURPJRYHUQPHQWDOLQFHQWLYHV,QRUGHUWR
DVVHVVWKHIHDVLELOLW\RIWKLVW\SHRISODQWVLWLVLPSRUWDQWWRLQYHVWLJDWHWKHSRVVLEOHWKHUPRG\QDPLFHFRQRPLFDQG
WHFKQRORJLFFRQVWUDLQWV$QDQDO\VLVRIWKHVHIDFWRUVKDVEHHQFDUULHGRXWLQWKHSUHVHQWVWXG\

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH6FLHQWLILF&RPPLWWHHRI$7,
 KeywordsFRJHQHUDWLRQVWHDPELRPDVV+LUQF\FOHWHFKQRHFRQRPLFIHDVLELOLW\
,QWURGXFWLRQ
'LIIXVLRQ RI UHQHZDEOH HQHUJ\ WHFKQRORJLHV LV VWLOO RIWHQ OLPLWHG E\ SODQW FRVWVPDNLQJ WKHVH QHZ V\VWHPV


&RUUHVSRQGLQJDXWKRU7HOID[
E-mail address:ORUHQ]RIHUUDUL#LFFRPFQULW
Available online at www.sciencedirect.com
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of ATI 2014
156   Andrea Chesi et al. /  Energy Procedia  81 ( 2015 )  155 – 164 
HFRQRPLFDOO\QRQFRPSHWLWLYHZKHQFRPSDUHGZLWKVWDQGDUGRQHV,QRUGHUWRSURPRWHWKHLUGLIIXVLRQPDQ\LQFHQWLYH
VWUDWHJLHVKDYHEHHQSURSRVHGE\(XURSHDQJRYHUQPHQWV&RQFHUQLQJELRPDVVWKHGHYHORSPHQWRIVPDOOVL]HSODQWV
IRUORFDOSURGXFWLRQRIWKHUPDODQGHOHFWULFHQHUJ\VHHPVTXLWHLQWHUHVWLQJLQRUGHUWRLQFUHDVHWKHGLIIXVLRQRIV\VWHPV
ZLWKORZHQYLURQPHQWDOLPSDFW3RZHUSURGXFWLRQIURPELRPDVVFDQEHFDUULHGRXWWKURXJKH[WHUQDOFRPEXVWLRQHJ
VWHDPF\FOHVRUJDQLF5DQNLQHF\FOHV6WLUOLQJHQJLQHVRULQWHUQDOFRPEXVWLRQDIWHUJDVLILFDWLRQRUS\URO\VLVHJJDV
HQJLQHV,QWHJUDWHG*DVLILFDWLRQ&RPELQHG&\FOH,*&&([WHUQDOFRPEXVWLRQKDVWKHGLVDGYDQWDJHRIGHOLYHULQJ
OLPLWHGFRQYHUVLRQHIILFLHQFLHVPD[±>@ZKLOHLQWHUQDOFRPEXVWLRQKDVWKHSRWHQWLDORIKLJKHUHIILFLHQFLHV
EXWWKHGLVDGYDQWDJHRIQHHGLQJWKRURXJKDQGRIWHQSUREOHPDWLFJDVFOHDQLQJ
7KHPRVWFRPPRQV\VWHPVWRJHQHUDWHHOHFWULFSRZHUDUHWKHSURFHVVHVEDVHGRQWKH5DQNLQHF\FOHZLWKZDWHU
DVDZRUNLQJIOXLG>@0RVWRIWKHPXVHDVWHDPWXUELQHEXWVRPHH[DPSOHVZLWKUHFLSURFDWLQJHQJLQHVDOVRH[LVW>@
+RZHYHU GLIIXVLRQ RI 2UJDQLF 5DQNLQH &\FOH HVSHFLDOO\ IRU ORZ GHOLYHULQJ WHPSHUDWXUH > @ DQG LQWHUQDO
FRPEXVWLRQV\VWHPVKDVEHHQVWURQJO\LQFUHDVLQJLQWKHODVW\HDUV>@,QSDUWLFXODUSRZHUDQGKHDWFRJHQHUDWLRQ
E\VROLGELRPDVVLVRQHRIWKHPRVWLQWHUHVWLQJRSWLRQVIRUDVXVWDLQDEOHDQGUHOLDEOHHQHUJ\VXSSO\GXHWRLWVKLJK
DYDLODELOLW\>@
,WDO\DVPDQ\RWKHU(XURSHDQFRXQWULHVKDVDQDEXQGDQWVXSSO\RIOLJQHRXVELRPDVVSULPDULO\ZRRGZDVWHRU
LQGXVWULDOSURFHVVZDVWHVXFKDVSDSHUSURGXFWLRQRUZRRGFUDIWLQJ>@)RUWKLVUHDVRQWKHGLIIXVLRQRIVPDOOVL]H
FRJHQHUDWLRQSODQWVZRUNLQJZLWKOLJQHRXVELRPDVVWRSURGXFHORFDOO\WKHUPDOHQHUJ\DQGHOHFWULFSRZHULVDYHU\
DWWUDFWLYHSHUVSHFWLYH>@,QRUGHUWRSURPRWHWKHGLIIXVLRQRIWKLVW\SHRISRZHUSODQWVWKHGHYHORSPHQWRIWRROVWR
LQYHVWLJDWHWKHLUIHDVLELOLW\FRXOGEHYHU\XVHIXO7KLVDVSHFWZDVLQYHVWLJDWHGE\WKHDXWKRUVLQDSUHYLRXVVWXG\>@
ZKHUHWHFKQRHFRQRPLFIHDVLELOLW\RI25&,*&&DQGVWHDP+LUQF\FOHWHFKQRORJLHVZDVFRPSDUHGIRUVHYHUDOVL]HV
DQGWKHUPDOUHTXHVWV7KHPDLQUHVXOWVZHUHWKDW,*&&DQG25&DUHWKHEHVWVROXWLRQIRUVPDOOVL]HDSSOLFDWLRQVEXW
WKH\DUHDIIHFWHGE\VWURQJPRGXODULW\UHTXLUHPHQWV)RUHOHFWULFDOVL]HRYHU0:HOWKHVWHDP+LUQF\FOHLVVWLOOWKH
PRVWFRPPRQVROXWLRQ,QWKLVSDSHUWKHDXWKRUVSUHVHQWWKHUHVXOWVRIDZLGHUDQJHDQDO\VLVRQVXSHUKHDWHG5DQNLQH
F\FOHZLWKZDWHUDVDZRUNLQJIOXLG
7KHWKHUPDOUHTXLUHPHQWZDVVDWLVILHGE\DVWHDPH[WUDFWLRQIURPWKHWXUELQHDQGQRELRPDVVSUHGU\LQJV\VWHP
ZDVFRQVLGHUHG>@WKLVVROXWLRQFRPSDUHGWRWKHRWKHURQHVRIIHUVPRUHVLPSOLFLW\FRPSRQHQWDYDLODELOLW\RQWKH
PDUNHW DQG UHIHUHQFH DSSOLFDWLRQV 7KH JRDO RI WKH SUHVHQW DQDO\VLV LV WR XQGHUVWDQG WKH LQIOXHQFH RI LQFHQWLYH
DYDLODELOLW\ZRUNLQJFRQGLWLRQVRUGHVLJQFKRLFHVRQWKHWHFKQRHFRQRPLFIHDVLELOLW\RIDVPDOOVL]HSODQW:KHWKHUD
FRJHQHUDWLRQ SODQW LV PDQDJHG E\ DQ (QHUJ\ 6HUYLFH &RPSDQ\ (6&2 RU E\ RWKHU XVHUV WKH PRVW LPSRUWDQW
SDUDPHWHUVIRUDQRYHUDOOGHVLJQDUHXVXDOO\WKHDPRXQWRIHQHUJ\WREHSURGXFHGDQGWKHRYHUDOODQQXDOHIILFLHQF\
7KHILUVWLVQHHGHGWRVDWLVI\WKHXVHUQHFHVVLW\WKHVHFRQGPDLQO\WRLPSURYHWKHHFRQRPLFUHYHQXHEXWDOVRWRKDYH
DFFHVVWRLQFHQWLYHVDXWKRUL]DWLRQHDVLQJDQGVRRQ7KHILUVWVWHSRIGHVLJQSURFHVVLVWKHGHILQLWLRQRIWKHSURSHU
VWHDPWXUELQHVL]H2QFHJLYHQWKHUHTXHVWRIWKHUPDOHQHUJ\LHVWHDPH[WUDFWLRQSUHVVXUHDQGPDVVIORZUDWHDQGD
UHIHUHQFHYDOXHRIVWHDPWXUELQHHIILFLHQF\WKHRYHUDOOSODQWHIILFLHQF\FKDQJHVZLWKLQFUHDVLQJVWHDPWXUELQHVL]H
)LJXUHV[
*OREDOHIILFLHQF\LVWKHVXPRIHOHFWULFDQGWKHUPDOHIILFLHQFLHVZKLFKKDYHGLYHUJHQWWUHQGV(OHFWULFHIILFLHQF\
LQFUHDVHV ZLWK WKH WXUELQH VL]H EHFDXVH WKH LQIOXHQFH RI H[WUDFWHG VWHDP PDVV IORZ UDWH GHFUHDVHV 7KH WKHUPDO
HIILFLHQF\KRZHYHUGHFUHDVHVZLWKWKHWXUELQHVL]HEHFDXVHWKHDPRXQWRIUHFRYHUHGWKHUPDOHQHUJ\LVDFRQVWDQW
ZKHUHDVWKHFRQVXPSWLRQRIELRPDVVJURZV7KHUHIRUHLQRUGHUWRDFKLHYHKLJKJOREDOHIILFLHQFLHVVPDOOVL]HVWHDP
WXUELQHVVHHPWREHSUHIHUUHG2QWKHRWKHUKDQGZKHQUHGXFLQJWXUELQHVL]HVRPHSUREOHPVRIWHFKQLFDODYDLODELOLW\
DQGHFRQRPLFIHDVLELOLW\DULVHDQGWKHUHIRUHVRPHFRQILJXUDWLRQVHYHQEHLQJWKHUPRG\QDPLFDOO\SRVVLEOHFRXOGQRW
PDWFKDWHFKQLFDORUHFRQRPLFIHDVLELOLW\)RUWKLVUHDVRQDWRROWRLQYHVWLJDWHWKHWKHUPRG\QDPLFWHFKQRORJLFDQG
HFRQRPLFIHDVLELOLW\RIWKLVNLQGRIFRJHQHUDWLRQSODQWZDVGHYHORSHG
6WDUWLQJIURPDJLYHQ WKHUPDOHQHUJ\UHTXHVWDQGDPLQLPDO WDUJHW IRU WXUELQHHIILFLHQF\ WKH WRRODOORZV WKH
DQDO\VLVRIWKHWKHUPRG\QDPLFEHKDYLRURIWKHSRZHUSODQWDQGWKHGHILQLWLRQRIWKHFRPSRQHQWV¶VL]H6LQFHDPDUNHW
FKHFNKDVEHHQFDUULHGRXWE\FRQVLGHULQJVHYHUDOGLVWULEXWRUVRISODQWFRPSRQHQWV LW LVSRVVLEOHWRLGHQWLI\WKRVH
FRQILJXUDWLRQVWKDWDUHWHFKQRORJLFDOO\XQIHDVLEOH2QFHDVROXWLRQLVFKRVHQDQHFRQRPLFDQDO\VLVLVFDUULHGRXWWR
HVWLPDWHWKHLQYHVWPHQWIHDVLELOLW\
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V[ G[
)LJ7UHQGRIJOREDOHOHFWULFDQGWKHUPDOHIILFLHQF\IRUGLIIHUHQWVWHDPWXUELQHVL]HV['LDJUDPRIDQDO\]HGFRJHQHUDWLRQSODQWG[
7KHUPRG\QDPLFPRGHO
,Q)LJXUHG[DVFKHPDWLFRIWKHPRGHOOHGSODQWLVVKRZQ7KLVLVD+LUQF\FOHEDVHGSRZHUSURGXFWLRQSODQW
ZLWKVWHDPH[WUDFWLRQIRUFRJHQHUDWLRQ,QWKLVVWXG\DQRUHJHQHUDWLYHF\FOHZDVFRQVLGHUHGLQRUGHUWREHDQDO\]HG
PRUHHDVLO\6LQFHWKHUHJHQHUDWLYHKHDWH[FKDQJLQJSUDFWLFHDOORZVLQFUHDVLQJSHUIRUPDQFHRI+LUQVWHDPF\FOHEXW
LPSOLHVPRUHFRPSOH[OD\RXWVLWLVWKHUHIRUHJHQHUDOO\DYRLGHGIRUVPDOOVL]HSODQWV7KHWKHUPRG\QDPLFF\FOHKDV
EHHQVLPXODWHGE\(QJLQHHULQJ(TXDWLRQ6ROYHU((6XVLQJLWVLQWHUQDOOLEUDULHVIRUWKHHYDOXDWLRQRIVWHDPFRQGLWLRQV
>@
2.1. Assumptions 
6RPHVLPSOLI\LQJK\SRWKHVHVZHUHDVVXPHG7KHSODQWZDVFRQVLGHUHGWREHZRUNLQJLQVWHDG\VWDWHFRQGLWLRQV
DW WKH FRPSRQHQW QRPLQDO YDOXHVZLWKRXW DQ\ RIIGHVLJQ RU WUDQVLWRU\ FRQGLWLRQV7KH VWHDP H[WUDFWLRQ IURP WKH
WXUELQHRFFXUVDWDIL[HGSUHVVXUHDQGERWKWXUELQHDQGVWHDPJHQHUDWRUHIILFLHQFLHVDUHFRQVWDQW$VWHDPH[WUDFWLRQ
DWWKHPLQLPXPSUHVVXUHDOORZHGE\WKHWXUELQHVSHFLILFDWLRQVZDVXVHGERWKIRUWKHWKHUPDOXVHUDQGWKHGHDUHDWRU
7KHPD[LPXPH[WUDFWLRQPDVV IORZUDWHVZHUHDQGRI WRWDO WXUELQHPDVV IORZUDWH UHVSHFWLYHO\ IRU WKH
GHDUHDWRU DQG WKH WKHUPDO XVHU 7KHVH YDOXHV DUH ZLWKLQ WKH W\SLFDO RSHUDWLQJ UDQJHV VWDWHG E\ WKH WXUELQH
PDQXIDFWXUHUV 3UHVVXUH ORVVHV WKHUPDO GLVSHUVLRQV DQG SXPS ZRUNV ZHUH QRW FRQVLGHUHG DV WKH\ OHDG WR UHVXOW
YDULDWLRQV ORZHU WKDQ WKH DQDO\VLV DFFXUDF\ 7KH ELRPDVV ORZ KHDWLQJ YDOXH /+9 LV VWURQJO\ LQIOXHQFHG E\ LWV
KXPLGLW\7KHPRGHOHYDOXDWHV/+9E\PHDQVRIDFRUUHODWLRQDVJLYHQE\WKHORFDOVXSSOLHUVGHILQHGDV



+
⋅
−=
φLHV    
ZKHUHLHW LVWKHORZKHDWLQJYDOXH>N-NJ@φ LVWKHELRPDVVZDWHUFRQWHQW>@1RELRPDVVSUHGU\LQJV\VWHPZDV
FRQVLGHUHG$WPRVSKHULFFRQGLWLRQVKDYHDQLPSRUWDQWLQIOXHQFHRQWKHSODQWSHUIRUPDQFH1HYHUWKHOHVVWKLVDQDO\VLV
FRQVLGHUHGRQO\ WZRZRUNLQJFRQGLWLRQVGHSHQGLQJRQ WKH VHDVRQ KRWDQGFROGVHDVRQ LQRUGHU WRDFKLHYHPRUH
JHQHUDODQGFRQVHUYDWLYHUHVXOWV'XULQJHDFKVHDVRQWKHIROORZLQJTXDQWLWLHVZHUHFRQVLGHUHGDVFRQVWDQW
• 7HPSHUDWXUHRIFRROLQJIOXLGDWFRQGHQVHUWKHSLQFKSRLQWKDVEHHQHVWLPDWHGDW.
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• 7KHUPDOUHTXLUHPHQWVRIWKHXVHUWKHGLIIHUHQWWKHUPDOFDSDFLWLHVDUHREWDLQHGE\YDU\LQJWKHPDVVIORZUDWHRI
H[WUDFWHGVWHDP
• %LRPDVVKXPLGLW\GXULQJHDFKVHDVRQWKHORZKHDWLQJYDOXHRIWKHELRPDVVGHSHQGVRQO\RQLWVZDWHUFRQWHQW
2.2. Inputs 
7KHPRGHOUHTXLUHVVRPHLQSXWV7KH\DUH
• 3ODQWZRUNLQJSHULRGKRXUVSHU\HDU
• $QQXDOWKHUPDOUHTXLUHPHQWRIWKHXVHUDQGSHUFHQWDJHRIKHDWIRUWKHFROGVHDVRQ
• 5DWLREHWZHHQKRXUVDWKLJKWKHUPDOUHTXLUHPHQWFROGVHDVRQDQGWKRVHDWORZWKHUPDOUHTXLUHPHQWKRWVHDVRQ
• 7HPSHUDWXUHOHYHOQHHGHGIRUWKHWKHUPDOXVHU
• 6HDVRQDOKXPLGLW\RIWKHELRPDVV
• $YHUDJHDQQXDODQGVHDVRQDOSODQWHIILFLHQF\JOREDOHOHFWULFDODQGWKHUPDO
• 6WHDPWXUELQHQRPLQDOHIILFLHQF\
2.3. Technological inputs and constraints 
,QRUGHUWRXQGHUVWDQGWKHWHFKQRORJLFDOFRQVWUDLQWVRIWKLVNLQGRILQVWDOODWLRQPDQ\PDQXIDFWXUHUVRIVWHDP
WXUELQHVDQGELRPDVVVWHDPJHQHUDWRUVZHUHFRQWDFWHG/RFDOPDQXIDFWXUHUVFDQSURYLGHELRPDVVVWHDPJHQHUDWRUV
ZLWKDPD[LPXPSUHVVXUHDQGWHPSHUDWXUHRIEDUDQG&UHVSHFWLYHO\ZLWKDQDYHUDJHHIILFLHQF\RI
 DQG PD[LPXP DOORZHG KXPLGLW\ RI ELRPDVV 1R ELRPDVV SUHGU\LQJ V\VWHP LV UHTXLUHG IRU VWDQGDUG
KXPLGLW\ UDQJHV RI OLJQRVH ELRPDVV 6WHDP WXUELQH SHUIRUPDQFH GHSHQGV JUHDWO\ RQ LWV WHFKQRORJLFDO OHYHO ,WV
HIILFLHQF\YDULHVEHWZHHQDQGDQGWKHPLQLPXPVWHDPH[WUDFWLRQSUHVVXUHEHWZHHQDQGEDUUHVSHFWLYHO\
,QDGGLWLRQWKHVWHDPWXUELQHPDQXIDFWXUHUVVWDWHWKDWWKHVPDOOHVWDYDLODEOHSURGXFWVL]HUDQJHVIURPN:HOIRUD
ORZWHFKQRORJLFDOOHYHOORZHIILFLHQF\WRN:HOIRUKLJKHUHIILFLHQF\PDFKLQHV
2.4. Outputs 
7KHPRGHOHVWLPDWHVWKHVWHDPPDVVIORZUDWHDQGWKHWKHUPRG\QDPLFVWDWHLQHYHU\VHFWLRQRIWKHSODQWWKHVL]H
RIHYHU\FRPSRQHQW WKHVWHDPWXUELQHSRZHURXWSXW WKHDQQXDOWKHUPDODQGHOHFWULFDOHQHUJ\SURGXFWLRQDQG WKH
DQQXDOFRQVXPSWLRQRIELRPDVV
(FRQRPLFPRGHO
,QDGGLWLRQWRWKHSUHYLRXVO\GHVFULEHGPRGHODQHFRQRPLFPRGHOZDVDOVRGHYHORSHGLQRUGHU WRDVVHVV WKH
HFRQRPLFIHDVLELOLW\RIWKHSODQW7KHPDLQSDUDPHWHUVXVHGLQWKLVDQDO\VLVZHUHWKHQHWSUHVHQWYDOXH139WKH
SD\EDFNSHULRG3%3DQGWKHLQYHVWPHQWPXOWLSOLHU0UHVSHFWLYHO\GHILQHGDV
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ZKHUHI0LVWKHLQYHVWPHQWFRVWDkLVWKHQHWFDVKIORZnLVWKHSODQWOLIH\HDUVDQGi LVWKH0$55$VLQSXWGDWD
WKHHFRQRPLFDQDO\VLVUHTXLUHVWKHIROORZLQJTXDQWLWLHVOLIHSHULRGRIWKHSODQWSXUFKDVHSULFHRIELRPDVVVDOHSULFHV
RIWKHUPDODQGHOHFWULFDOHQHUJ\DPRXQWDQGW\SRORJ\RIDYDLODEOHLQFHQWLYHVGHSUHFLDWLRQSHULRGPLQLPXPDWWUDFWLYH
UDWHRIUHWXUQ0$55DQGWD[DWLRQSURILOH,IQHFHVVDU\ERUURZLQJRIIXQGVFDQDOVREHWDNHQLQWRDFFRXQW
7KHPRGHO HVWLPDWHV WKH SODQW VWDUWXS FRVWV E\ FRQVLGHULQJ FRPSRQHQWV SLSLQJ HOHFWULFDO FRQQHFWLRQV DQG
LQVWDOODWLRQFRVWV$VXUYH\DPRQJVXSSOLHUVDQGPDQXIDFWXUHUVZDVFDUULHGRXWLQRUGHUWRHVWLPDWHWKHVHFRVWV0DSV
UHSUHVHQWLQJWKHVL]HHIILFLHQF\FRVWUHODWLRQVKLSIRUWKHGLIIHUHQWFRPSRQHQWVKDYHEHHQWKXVGHILQHGDQGXVHGLQWKH
PRGHO&RQFHUQLQJFRVWVIRUSLSLQJHOHFWULFDOFRQQHFWLRQVDQGVWHDPJHQHUDWRUVDQGRIWKHRYHUDOO
LQYHVWPHQWZHUHUHVSHFWLYHO\FRQVLGHUHG5XQQLQJFRVWVKDYHEHHQHVWLPDWHGFRQVLGHULQJELRPDVVPDLQWHQDQFHDQG
HPSOR\HHVFRVW,QSDUWLFXODUHPSOR\HHVFRVWZDVTXDQWLILHGDVDSSUR[LPDWHO\N¼\HDUWKUHHSHRSOHZRUNLQJRQ
WKHSODQWPDLQWHQDQFHFRVWLV¼0:KWKRIWKHUPDOHQHUJ\FRQVXPHGIRUWKHVWHDPJHQHUDWRUDQG¼0:KHOIRU
WKHVWHDPWXUELQH
%\NQRZLQJWKHDVVXPHGVDOHSULFHVIRUHOHFWULFDODQGWKHUPDOHQHUJ\LWLVWKXVSRVVLEOHWRFDOFXODWHWKHDQQXDO
UHYHQXHVRIWKHSODQWLIQHFHVVDU\JRYHUQPHQWJUDQWVFDQDOVREHFRQVLGHUHG7D[HVDUHWDNHQLQWRDFFRXQWWRDVVHVV
WKHDQQXDOSURILWDQGWKHQWRFDOFXODWHWKHILQDQFLDOSDUDPHWHUVIRUWKHHFRQRPLFIHDVLELOLW\
5HVXOWV
%\UXQQLQJWKHPRGHOIRUGLIIHUHQWYDOXHVRIDQQXDOWKHUPDOHQHUJ\GHOLYHUHGDQGVWHDPWXUELQHHIILFLHQF\LWLV
SRVVLEOHWRFUHDWHVHYHUDOPDSVGHVFULELQJWKHYDOXHVDVVXPHGE\WKHUPRG\QDPLFDQGHFRQRPLFRXWSXWYDULDEOHV7KLV
DSSURDFKDOORZVDQHYDOXDWLRQRIWHFKQLFDODQGHFRQRPLFIHDVLELOLW\RIWKHSODQWEDVHGRQWKHFRJHQHUDWLRQGHPDQG
DQGWKHVWHDPWXUELQHWHFKQRORJLFDOOHYHO
4.1. Case study analysis 
7KH GHYHORSHG PRGHO ZDV XVHG WR DQDO\]H D FDVH VWXG\ $Q ,WDOLDQ ZRRG IDFWRU\ SURGXFLQJ SO\ZRRG DQG
ODPLQDWHGZRRGZDVFRQVLGHUHG7KHIDFWRU\KDVDSSUR[LPDWHO\WRQVSHU\HDURIVDZGXVWDWRIKXPLGLW\
FRQVWDQW RYHU WKH \HDU DV ZDVWH SURGXFW 7KH ELRPDVV ORZ KHDW YDOXH LV N-NJ LQ DJUHHPHQW WR VLPLODU
VXEVWDQFHV>@7KHIDFWRU\PD[LPXPQHHGLV0:RIHOHFWULFSRZHUDQG*:KSHU\HDURIWKHUPDOHQHUJ\IRU
WKHPDQXIDFWXULQJSURFHVVZDWHUDW&7KHWKHUPDOHQHUJ\GHPDQGLVFRQVWDQWGXULQJWKH\HDUEHFDXVHLWLVRQO\
UHODWHGWRWKHSURGXFWLRQDFWLYLW\IUHHIURPVHDVRQDOUHTXLUHPHQWV
$Q(6&2FRXOGEHLQWHUHVWHGLQLQVWDOOLQJDVPDOOVL]HELRPDVVIXHOHG+LUQF\FOHFRJHQHUDWLRQSODQW7KH(6&2
VKRXOGEX\WKHELRPDVVIURPWKHZRRGIDFWRU\DQGSURGXFHHOHFWULFDQGWKHUPDOHQHUJLHVWRVDWLVI\WRWDOO\RUSDUWLDOO\
LWVHQHUJ\GHPDQG7KH(6&2ZRXOGJHWSURFHHGVE\VXSSO\LQJHQHUJ\WRWKHIDFWRU\
$WRWDORIZRUNLQJKRXUVSHU\HDUFDQEHDVVXPHGIRUWKHFRJHQHUDWLRQSODQWRQHWKLUGLQWKHKRWVHDVRQ
DQGWZRWKLUGVLQWKHFROGRQH7KHDPELHQWWHPSHUDWXUHLVIL[HGDW&GXULQJWKHFROGVHDVRQDQG&GXULQJWKH
KRWRQH7KHUHTXLUHGDQQXDODYHUDJHHIILFLHQF\RIWKHSODQWLVDVVXPHGDWEHFDXVHWKLVLVWKHPLQLPXPYDOXH
QHHGHGWRJHWWKHIDFLOLWDWLRQVSURYLGHGIRUWKHFRJHQHUDWLRQSODQWVDGPLQLVWUDWLYHDQGOHJDO,WDOLDQDXWKRUL]DWLRQV
/LIHSHULRGRIWKHSODQWLV\HDUV%LRPDVVSULFHFDQEHHVWLPDWHGLQ¼NJDQGWKHVDOHSULFHVIRUWKHWKHUPDO
DQGHOHFWULFHQHUJ\DUH¼N:KWKDQG¼N:KHOUHVSHFWLYHO\7KHLQFHQWLYHVIRUWKHHQHUJ\SURGXFWLRQIURP
UHQHZDEOHVRXUFHDUH¼N:KHO'HSUHFLDWLRQSHULRGLV\HDUVWKH0$55DQGSURILWWD[UDWH7KH
DQDO\VLVGRHVQRWWDNHLQWRDFFRXQWILQDQFLQJRIDQ\W\SH
$VHQVLWLYLW\DQDO\VLVKDVEHHQFDUULHGRXWE\YDU\LQJVWHDPWXUELQHHIILFLHQF\DQGDQQXDOWKHUPDOUHTXLUHPHQW
,Q)LJXUHV[FDOFXODWHGVWHDPWXUELQHVL]HLVVKRZQ7KHVPDOOHVWSURGXFWVL]HVDYDLODEOHRQWKHPDUNHWDUHNQRZQ
DQG D FRUUHVSRQGLQJ WHFKQLFDO XQIHDVLELOLW\ DUHD FDQ EHPDUNHG RII D 2QFH WKH DQQXDO WKHUPDO UHTXLUHPHQW LV
DVVLJQHGGLIIHUHQWVL]HVRIVWHDPWXUELQHFDQVDWLVI\WKHUHTXHVWGHSHQGLQJRQWKHFKRVHQWHFKQRORJLFDOOHYHO0DQ\
RWKHUSDUDPHWHUVFDQLQIOXHQFHWKHILQDOGHVLJQFKRLFH WKHVHZLOOEHVKRZQKHUHDIWHU)LUVWO\ LQ)LJXUHG[ WKH
FDOFXODWHGELRPDVVFRQVXPSWLRQLVUHSRUWHG2EYLRXVO\ELRPDVVFRQVXPSWLRQWRQ\HDU LV LQIOXHQFHGE\ELRPDVV
KXPLGLW\

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 
 V[ G[
)LJ6WHDPWXUELQHSRZHU>0:@DWDQQXDOJOREDOHIILFLHQF\DWHFKQLFDOXQIHDVLELOLW\DUHDV[%LRPDVVFRQVXPSWLRQ>WRQ\HDU[@
DWDQQXDOJOREDOHIILFLHQF\DELRPDVVXQDYDLODELOLW\DUHDG[
$YDLODEOHELRPDVV DPRXQWV FDQ OLPLW WKHPD[LPXPVWHDP WXUELQH VL]H3ODQW VWDUWXS FRVWV FDQEHD VLPLODU
OLPLWDWLRQ)LJXUHV[0D[LPXPDFFHSWDEOH3%3LVRQHRIWKHPRVWLPSRUWDQWSDUDPHWHUVIRULQYHVWPHQWIHDVLELOLW\
,QWKLVFDVHVWXG\VL[\HDUVZDVFRQVLGHUHGDVWKHPD[LPXPDFFHSWDEOH3%3)LJXUHG[VKRZVWKHHVWLPDWHG3%3
LQFDVHRISUHVHQFHRIVWDWHLQFHQWLYHVDFFRUGLQJWR,WDOLDQUHJXODWLRQV

 
 V[ G[
)LJ3ODQWVWDUWXSFRVW>0¼@DWDQQXDOJOREDOHIILFLHQF\3D\EDFNSHULRG>\HDUV@DWDQQXDOJOREDOHIILFLHQF\DHFRQRPLFDO
XQIHDVLELOLW\DUHD


)LJ'LIIHUHQWSODQWFRQILJXUDWLRQDWDQQXDOJOREDOHIILFLHQF\DWHFKQLFDODQGHFRQRPLFXQIHDVLELOLW\DUHDEELRPDVVXQDYDLODELOLW\
DUHD67SRZHU>0:@
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%\RYHUOD\LQJRQ)LJXUHV[WKHPD[LPXPDPRXQWRIELRPDVVDYDLODEOH)LJXUHG[DQGWKHVL[\HDU3%3
FXUYH)LJXUHG[WKHDUHDZKHUHWKHSODQWLVIHDVLEOHXQGHUERWKDWHFKQLFDODQGHFRQRPLFSRLQWRIYLHZLVGHWHFWHG
7KLVDUHDLVVKRZQLQ)LJXUH
7KUHHSRVVLEOHVROXWLRQVLQWKHIHDVLELOLW\DUHDDUHKLJKOLJKWHG$%&,Q7DEOHWKHGLIIHUHQWWHFKQLFDODQG
HFRQRPLFSDUDPHWHUVIRUWKHWKUHHVROXWLRQVDUHUHSRUWHG$GLIIHUHQWWHFKQRORJLFDOOHYHOOHDGVWRGLIIHUHQWFRVWVDQG
ILQDQFLDOUHPXQHUDWLRQVWKXVJLYLQJXVHIXOGDWDIRUDGHVLJQFKRLFH
 7DEOH7HFKQLFDODQGHFRQRPLFDOSDUDPHWHUVHYDOXDWHGIRUWKUHHGLIIHUHQWVROXWLRQVLQWKHIHDVLELOLW\DUHD
&DVH (WD67
>@
67BVL]H
>0:@
&RVW
>0¼@
3%3
><HDUV@
139
>0¼@
0
$      
%      
&      

&KRLFH DPRQJ WKH IHDVLEOH VROXWLRQVGHSHQGV RI FRXUVH RQ VHYHUDO SDUDPHWHUV WKDW DUH XS WR WKH LQYHVWRU¶V
GLVFUHWLRQ:KLOHLQLWLDOFRVWDQGHFRQRPLFUHYHQXHVDUHHDV\WRFRQVLGHURWKHUSDUDPHWHUVVXFKDVVSDFHUHTXLUHGIRU
SODQWLQVWDOODWLRQDQGELRPDVVVWRUDJHFRXOGEHFULWLFDO)RUWKLVUHDVRQWKHFKRVHQVROXWLRQFRXOGQRWEHWKDWZLWKWKH
JUHDWHU139
4.2. Case study analysis 
$VSUHYLRXVO\PHQWLRQHGWKLVDQDO\VLVZDVFDUULHGRXWE\WDNLQJLQWRFRQVLGHUDWLRQSXEOLFLQFHQWLYHV2WKHUZLVH
VKRXOGQRSXEOLFJUDQWVEHDYDLODEOHWKH3%3ZRXOGEHYHU\KLJKDQGWKHHFRQRPLFIHDVLELOLW\DUHDZRXOGQRWH[LVW
ZLWKWKHSUHYLRXVO\VWDWHGFRQGLWLRQV)LJXUHV[VKRZVWKH3%3LQWKLVFRQGLWLRQ

 
 V[ G[
)LJ3D\EDFNSHULRG>\HDUV@DWDQQXDOJOREDOHIILFLHQF\ZLWKRXWSXEOLFLQFHQWLYHVV[3D\EDFNSHULRG>\HDUV@DWDQQXDOJOREDO
HIILFLHQF\ZLWKRXWSXEOLFLQFHQWLYHVDHFRQRPLFXQIHDVLELOLW\DUHDG[
,IWKHDQQXDODYHUDJHHIILFLHQF\RIWKHSODQWLVDVVXPHGDVJUHDWHUIRUH[DPSOH)LJXUHV[HFRQRPLF
IHDVLELOLW\FRQGLWLRQVRFFXUHYHQZLWKRXWSXEOLFLQFHQWLYHVEXWDWDYHU\KLJKWKHUPDOHQHUJ\UHTXLUHPHQW
7KLVLVDYHU\GLIILFXOWFRQGLWLRQWREHPHWE\DVPDOOVL]HSODQWLIFRQVLGHULQJWKDW*:K\HDUDUHURXJKO\WKH
WKHUPDOUHTXLUHPHQWVIRUWKHGLVWULFWKHDWLQJRISHRSOH,QWKLVFDVHE\FRQVLGHULQJDVWHDPWXUELQHHIILFLHQF\
RI  WKH VWHDP WXUELQH VL]H ZRXOG EH 0: WKH ELRPDVV FRQVXPSWLRQ WRQ\HDU DQG WKH SODQW FRVW
DSSUR[LPDWHO\0¼
,ISXEOLFLQFHQWLYHVDUHQRWDYDLODEOHKLJKJOREDOHIILFLHQF\RIWKHSODQWLVUHTXLUHG7KLVUHVXOWVLQKDYLQJJUHDW
WKHUPDOUHTXHVWVLQRUGHUWRVDWLVI\DQHFRQRPLFIHDVLELOLW\EXWWKHVHFRQGLWLRQVDUHRIWHQKDUGWRILQG&XUUHQWO\SXEOLF
LQFHQWLYHVVHHPWREHQHFHVVDU\WRPDNHDVPDOOVL]H+LUQF\FOHFRJHQHUDWLRQSODQWIXHOHGE\ELRPDVVIHDVLEOH
,QRUGHUWRH[WHQGWKHSUHYLRXVDQDO\VLVDQLQYHVWLJDWLRQRIWKHPLQLPXPYDOXHRISXEOLFLQFHQWLYHVQHHGHGLQ
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RUGHUWRKDYHD3D\EDFN3HULRGRI\HDUVZDVFDUULHGRXWIRUGLIIHUHQWSODQWFRQILJXUDWLRQV5HVXOWVDUHVKRZQLQ
)LJXUHV[DQGG[IRUDQDQQXDOJOREDOHIILFLHQF\RIDQGUHVSHFWLYHO\

 
 V[ G[
)LJ9DOXHRISXEOLFLQFHQWLYHV>¼0:KHO@WRKDYHDVL[\HDUVSD\EDFNSHULRGZLWKDQDQQXDOJOREDOHIILFLHQF\RIV[DQGG[
7KURXJKWKHVHGLDJUDPVLWLVDOVRSRVVLEOHLIWKHLQFHQWLYHDPRXQWLVNQRZQWRILQGZKLFKVL]HRIWKHSODQWLV
QHHGHG WR KDYH DQ HFRQRPLF SD\EDFN LQ VL[ \HDUV:KHQ SXEOLF LQFHQWLYHV DUH ORZ ELJ SODQWVZLWK KLJK JOREDO
HIILFLHQF\DUHPRUHHFRQRPLFDOO\VXLWDEOH:KHQSXEOLFLQFHQWLYHVDUHKLJKVPDOOVL]HSODQWVFDQEHDOVRUHDOL]HG
2QFHWKHW\SHRIFRJHQHUDWLRQSODQWWKDWLVVXLWDEOHZLWKWKHDYDLODEOHSXEOLFLQFHQWLYHKDVEHHQGHWHUPLQHGLWLVTXLWH
LPSRUWDQWWRHVWLPDWHWKHVHQVLWLYLW\RIWKHSD\EDFNSHULRGDQGWKHQHFRQRPLFVXLWDELOLW\WRDSXEOLFLQFHQWLYHUDWH
YDULDWLRQ
,Q)LJXUHWKHSD\EDFNSHULRGIRUGLIIHUHQWYDOXHVRISXEOLFLQFHQWLYHVDQGWKHUPDOUHTXHVWLVVKRZQ/DUJHVL]H
SODQWVDUHOHVVVHQVLWLYHWRDYDULDWLRQRISXEOLFLQFHQWLYHYDOXHVPDOOYDULDWLRQRI3D\EDFNSHULRG±ULJKWVLGHRIWKH
JUDSK2QWKHRWKHUKDQGIRUVPDOOVL]HSODQWVHYHQDVOLJKWYDULDWLRQRISXEOLFLQFHQWLYHVYDOXHFDQJUHDWO\PRGLI\
WKHLQYHVWPHQWSD\EDFNSHULRGHYHQRYHUWKHSODQWOLIHOHIWVLGHRIWKHJUDSK


)LJ3D\EDFNSHULRG>\HDUV@IRUGLIIHUHQWYDOXHVRISXEOLFLQFHQWLYHV>¼0:KHO@VWHDPWXUELQHHIILFLHQF\DQGDQQXDOJOREDO
HIILFLHQF\
4.3. Influence of plant efficiency 
$VSUHYLRXVO\VWDWHGDKLJKDQQXDOJOREDOHIILFLHQF\RI WKHSODQWFRXOG LQFUHDVH WKHHFRQRPLF IHDVLELOLW\ ,Q
)LJXUHWKHDUHDRIWHFKQLFDODQGHFRQRPLFIHDVLELOLW\LVKLJKOLJKWHGE\FRQVLGHULQJDVLQWKHSUHYLRXVFDVHVWXG\DQ
DYHUDJHHIILFLHQF\RIDQGSXEOLFLQFHQWLYHV,QWKLVQHZFRQGLWLRQWKHIHDVLELOLW\DUHDLVQRWFRQVLVWHQWZLWKWKH
WKHUPDOUHTXLUHPHQWRIWKHFDVHVWXG\
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
)LJ67SRZHU>0:@VROLGOLQHDQG139>0¼@GDVKHGOLQHDWDQQXDOJOREDOHIILFLHQF\DWHFKQLFDODQGHFRQRPLFXQIHDVLELOLW\DUHD
EELRPDVVXQDYDLODELOLW\DUHD
$VGHVFULEHGLQ)LJXUHE\LQFUHDVLQJWKHSODQWJOREDOHIILFLHQF\WKHVWHDPWXUELQHVL]HGHFUHDVHVJLYHQDQ
DQQXDOWKHUPDOUHTXLUHPHQW6LQFHWKHWHFKQLFDOOLPLWVDUHGLUHFWO\ERXQGHGWRWXUELQHVL]HWKHWHFKQLFDOXQIHDVLELOLW\
DUHDVSUHDGVWRJUHDWHUWKHUPDOUHTXLUHPHQWFRQGLWLRQV,QRWKHUZRUGVWKHVDPHXQIHDVLEOHFRQGLWLRQVDUHDFKLHYHG
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